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Abstract
Molecular probes for imaging of live cells are of great interest for studying biological and
pathological processes. The anionic luminescent conjugated polythiophene (LCP)
polythiophene acetic acid (PTAA), has previously been used for vital staining of cultured
fibroblasts as well as transformed cells with results indicating differential staining due to cell
phenotype. Herein, we investigated the behavior of PTAA in two normal and five transformed
cells lines. PTAA fluorescence in normal cells appeared in a peripheral punctuated pattern
whereas the probe was more concentrated in a one-sided perinuclear localization in the five
transformed cell lines. In fibroblast, PTAA fluorescence was initially associated with
fibronectin and after 24 h partially localized to lysosomes. The uptake and intracellular target
in malignant melanoma cells was more ambiguous and the intracellular target of PTAA in
melanoma cells is still elusive. PTAA was well tolerated by both fibroblasts and melanoma
cells, and microscopic analysis as well as viability assays showed no signs of negative
influence on growth. Stained cells maintained their proliferation rate for at least 12
generations. Although the probe itself was non-toxic, photo-induced cellular toxicity was
observed in both cell lines upon irradiation directly after staining. However, no cytotoxicity
was detected when the cells were irradiated 24 h after staining, indicating that the photoinduced toxicity is dependent on the cellular location of the probe. Overall, these studies
certified PTAA as a useful agent for vital staining of cells, and that PTAA can potentially be
utilized to study cancer-related biological and pathological processes.
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Introduction
Fluorescent molecular probes for identification of various cellular compartments and
components in cultured cells offer the possibility to visualize the dynamics and biochemical
pathways of pathological and biological processes. From a biophysical perspective, such
probes should preferably be highly selective, environmentally sensitive and display high
optical stability. A class of molecules that fulfill these characteristics is conjugated
polyelectrolytes (CPEs). These probes possess unique electronic and optical properties and
have been widely used in optoelectronic devices such as organic light emitting diodes and
solar cells (1-6), as well as for fluorescent biosensing of DNA-hybridization (7-10) and
protein-ligand interactions (11-14). Lately, CPEs have also been employed as fluorescent
reporters in more complex biological environments, such as cells (15-23). Linear CPEs have
been used for staining of fibroblasts (15,16) and apoptotic cells (17), whereas grafted CPEs
have been reported as a novel class of self-assembled highly fluorescent nanoparticles that
can be utilized for cell imaging (18-21). These grafted CPEs can be randomly functionalized
by proper ligands to create specificity towards a distinct biological target, such as cancer cells
(20). The concept of utilizing CPE based self-assembled highly fluorescent nanoparticles for
imaging has also been modified further by the development of hyperbranched CPEs and such
molecules have been utilized for specific staining of cancer cells and cytoplasmic proteins in
living cells (22,23).
CPEs consisting of a repetitive flexible thiophene backbone possess unique spectral
properties, since the conjugated backbone can be twisted or extended and emit light with
different colors depending on the conformational restriction of the backbone. Thus, upon
interaction with specific targets, distinct optical signatures are achieved from the CPEs, and in
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contrast to antibodies, these molecular probes are preferably recognizing certain structural
motifs instead of particular biomolecules. CPEs have been employed for studying disease
associated protein aggregates, and luminescent conjugated polythiophenes, LCPs, have
evolved as a novel class of ligands for studying pathological hallmarks of protein aggregation
diseases such as Alzheimer´s disease and the infectious prion diseases (24-26). Thiophene
fluorophores have also been utilized for live staining of cells (27,28) and an anionic LCP,
polythiophene acetic acid (PTAA; Fig. 1A) was shown to target acidic vesicles in normal
cells (15). However, the targeting could not be demonstrated in transformed cells, which
indicates that PTAA staining could be utilized to distinguish normal and malignant cells.
Herein, we investigate the differential staining of normal and transformed cells by
PTAA in more detail, as well as the dye´s performance for long term staining of living cells.
The present work confirmed that PTAA can be used for specific staining of structures in
living cells, and that the staining pattern is dissimilar in human fibroblasts compared to
malignant melanoma cells. In addition, PTAA displayed rapid internalization and good
retention inside the cells, and did not alter cell viability nor proliferation. The intracellular
staining of PTAA in the fibroblasts was, as shown previously (15), to some extent associated
to lysosomes, whereas no co-staining was observed with a variety of other cellular
compartments. Furthermore, kinetic studies also revealed fibronectin as a potential mediator
for internalization of PTAA into the fibroblasts. Overall, these studies verified that PTAA
could be utilized for staining of living cells, and highlighted some of its potential applications.
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Materials and Methods
Cells and Culture Conditions
Human lung fibroblasts MRC-5 (CCL-171; ATCC, Manassas, VA, USA) and malignant
melanoma cells SK-MEL-28 (HTB-72; ATCC) were cultured in BioAMF-2 complete cell
culture medium (Kibbutz Beit Haemek, Israel). Melanocytes were kindly provided by Petra
Wäster and cultured as described previously (29). Human cervical cancer cells HeLa (CCL-2;
ATCC), breast cancer cells MDA-MB-231 (HTB-26; ATCC) and human colon cancer HCT116 (CCL-247; ATCC) were cultured in Dulbecco’s modified eagle medium GlutaMAX
containing 50 IU/ml penicillin-G, 50 µg/ml streptomycin and 10% fetal bovine serum, all
from Gibco (Paisly, UK). Neuroblastoma cells SH-SY5Y (94030304; Sigma-Aldrich, St.
Louis, MO, USA) were cultured in Eagle’s minimum essential medium GlutaMAX
containing the additions mentioned above. Cells were incubated in humidified air with 5%
CO2 at 37°C. The day before experiments, cells were trypsinized and seeded to reach 50%
confluence.

Vital staining of cells with PTAA
The synthesis of PTAA has been reported elsewhere (30) and the probe was dissolved in
deionized water at a concentration of 1 mg/ml. Cells seeded on coverslips were stained with
PTAA (50 µg/ml) in complete medium for 30 min, 37°C. The superfluous probe was removed
and the cells were rinsed three times with PBS and incubated in fresh medium for indicated
periods of time. For microscopic evaluation, the cells were rinsed three times with PBS, fixed
in 4% paraformaldehyde (PFA; 20 min, 4°C), mounted using Vectashield with DAPI (Vector
Laboratories, Burlingame, CA, USA) and examined with a Zeiss confocal microscope, LSM
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780 (Carl Zeiss AG, Oberkochen, Germany).

Flow cytometric analysis
For flow cytometry, the cells were detached by trypzination, washed with PBS and analyzed
using a Gallios flow cytometer (Beckman coulter, Gallios™, USA). The fluorescence was
measured by using a 488 nm laser and 620/30 BP filter (FL3). 20 000 cells were collected for
each sample and the data was analyzed using the software Kaluza.

Staining with PTAA after fixation of cells
Cells seeded on coverslips were rinsed three times with PBS and fixed in methanol, (20 min,
-20°C) or in 4% PFA (20 min, 4°C). After three rinses with PBS, the cells were stained with
PTAA (50 µg/ml) in PBS for 30 min at room temperature. The cells were then rinsed three
times in PBS and mounted using Vectashield (Vector Laboratories) and examined with a
Zeiss confocal microscope, LSM 780.

Co-staining with organelle markers
For staining of mitochondria, PTAA-stained cells were incubated with MitoTracker Orange
CMTMRos (150 nM, 30 min, 37°C; Molecular Probes, Eugene, OR, USA). Cells were then
fixed in 4% PFA (20 min, 4°C). For immunostaining, PTAA-stained cells were after fixation
permeabilized with 0.1% saponin (Sigma-Aldrich) in PBS containing 5% fetal bovine serum
(20 min, room temperature) and incubated for 2 h at room temperature with one of the
following monoclonal mouse primary antibodies: Golga2/GM130 (1:500, Novus Biologicals,
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Littleton, CO, USA), lysosome-associated membrane protein 2 (LAMP-2, 1:50; Southern
Biotech, Birmingham, AL, USA), p62 (1:100, BD Biosciences, Franklin Lakes, NJ, USA), or
polyclonal anti-rabbit primary antibodies; α-tubulin (1:1000, Abcam, Cambridge, UK),
calnexin (1:700, Novus Biologicals), early endosomal antigen-1 (EEA-1, 1:400; SigmaAldrich), fibronectin (1:400, Sigma-Aldrich), LC3B (1:200, Novus Biologicals), NiemannPick type C1 (NPC1, 1:500; Abcam), peroxisomal membrane protein 70 (PMP70, 1:1000;
Molecular Probes) and proteasome 20S (1:100, Abcam). This step was followed by
incubation with the appropriate secondary antibodies conjugated to Alexa Fluor 594 (1:400,
Molecular Probes) for 1 h. All incubations were done in the dark. Next, the cells were
mounted in Vectashield (Vector Laboratories) and examined with a Zeiss confocal
microscope, LSM 780 (Carl Zeiss AG, Germany).

Fluorescence and spectral analysis of stained cells
Fluorescence and spectral images of stained cells were collected with an inverted Zeiss (Axio
Observer.Z1) LSM 780 microscope equipped with a 32 channel QUASAR GaAsP spectral
array detector. The differential interference contrast microscopy (DIC) image was collected
with an upright Zeiss LSM 700 confocal microscope. A plan-Apochromat 63x/1.40 Oil DIC
M27 objective lens was used for all imaging. The different excitation wavelengths for
imaging the cells are listed in the figure legends. Emission spectra were collected by
simultaneous excitation of two laser lines, one at 405 and one at 561 nm. Each of the four
spectra in figure 3K represents normalized and average data from nine areas in three different
images for each of the two comparisons; PTAA vs Alexa 594-fibronectin, and PTAA vs
Alexa 594-LAMP-2.
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Viability analysis
The reducing capacity of cell cultures was measured using the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) reduction assay (Sigma-Aldrich). This method is
widely used to assess cytotoxicity and cell viability, and it is currently thought that the
amount of MTT formazan is proportional to the number of living cells (31). Cells were
incubated with 0.5 mg/ml MTT for 2 h at 37°C. Then, the MTT solution was removed and the
formazan product was dissolved in dimethyl sulfoxide. The absorbance was measured at 550
nm with a VICTOR X Series Multiple Plate Reader (PerkinElmer, Waltham, MA USA).

Live-cell microscopy
Live-cell studies were done on newly stained cells and on cells 24 h after using a JuLI™
fluorescent cell analyzer (NanoEnTek Inc., Newton, MA, USA) equipped with a White/Blue
LED light source. Both the fluorescent light source optimized for green fluorescent protein
(GFP) fluorescence (excitation 488 nm, emission 520 nm) and bright field were used. The
cells were exposed to light once every minute for 6 h with an illumination intensity of 100%
for the fluorescent mode and 10% for the bright field mode. Control experiments were done
on stained cells without fluorescent excitation and unstained cells using both fluorescent light
source and bright field.

Live/Dead assay
LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular Probes) was used on cells analyzed in
JuLI™ for 6 h under the conditions described above. The cells were washed twice in PBS,
incubated in solution containing 2 µM Calcein AM and 4 µM Ethidium homodimer-1 in PBS
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in 37°C for 20 min. After washing in PBS, the cells were examined with a Zeiss fluorescence
microscope, Axio Vert.A1 (Carl Zeiss AG).

Statistical Analysis
Experiments were routinely performed at least three times, and the results are presented as the
means and standard deviations of independent samples. Differences between two groups were
analyzed by the two-tailed Student's t-test and, for more than two groups, by one-way
ANOVA with the Bonferroni post hoc test. Statistical calculations were performed using the
GraphPad Prism 6 software package. Differences were considered significant when p  0.05.
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Results
PTAA staining in normal cells compared to transformed cells
In order to investigate differences between the behavior of PTAA in normal and transformed
cells, two normal cell lines (fibroblasts and melanocytes) and five transformed cell lines
(melanoma, cervical cancer, breast cancer, colon cancer and neuroblastoma), were stained
with PTAA and analyzed in parallel. The cells were stained for 30 min with PTAA and
incubated for 24 h in complete medium prior to examination. In agreement with the previous
study (15), the pattern of PTAA staining in normal cells was different from that of malignant
cells (Fig. 1). After 24 h peripheral punctate staining were observed in fibroblasts and
melanocytes (Fig. 1B, C), whereas in the malignant cells the dots were concentrated in a onesided perinuclear localization (Fig. 1D-H). Since we observed a striking difference in the size
of the foci between fibroblasts and melanoma cells, these cell lines were selected for further
evaluation of the PTAA staining.
To analyze these essentially different staining patterns further, we investigated the
kinetics of the PTAA staining. The cells were stained for 30 min with PTAA, returned to the
cell culture medium and incubated for different periods of time (Fig. 2). Directly after
staining, PTAA displayed a characteristic filamentous staining pattern associated to the edges,
or the plasma membrane of the fibroblasts (Fig. 2A). After further incubation (1 to 6 h), the
filamentous staining pattern gradually disappeared, and an intracellular punctate pattern was
predominant. The filamentous staining had almost disappeared after 12 h and after 24 h only
larger cytosolic foci were visible. When analyzing the PTAA staining pattern in the
melanoma cells over time, a pronounced difference was detected compared to the fibroblasts
(Fig. 2B). Immediately after staining, PTAA fluorescence was observed in the cytosol and the
probe was distributed throughout the entire cell. After 1 h, the fluorescence was redirected to
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small dots found close to one side of the nucleus and, evidently, this pattern did not change
over time. The staining pattern after 24 h of incubation was similar to the pattern observed
after 1h of incubation.
Flow cytometry analysis was also implemented on PTAA stained cells to obtain more
quantitative information about the fluorescence intensity and the kinetics (Fig. 2C-E). The
histograms were broader for the fibroblasts, which indicate a larger distribution in
fluorescence whereas the melanoma cells were more uniform in their fluorescence. The
highest fluorescence intensity according to arithmetic mean (mean value of fluorescence
intensity for whole population) was obtained 24 h after staining in both cell lines, even though
the intensity 1 h after staining also showed to be significantly different from unstained cells.
Overall, the results from the kinetic experiments indicated that both internalization and
compartmentalization of PTAA were different in fibroblasts when compared to melanoma
cells.

Co-staining experiments
To assess the cellular targets for PTAA at distinct points in time, co-staining experiments with
PTAA in combination with fluorescent probes specifically targeting different cellular
components were performed. The fluorescent probes were chosen to have distinct emission
spectra compared to PTAA and thereby co-localization of PTAA and specific cellular targets
could be examined with fluorescence microscopy. As shown in figure 3A, the filamentous
extracellular staining pattern, which appeared immediately after PTAA staining of fibroblasts,
displayed partial co-localization with fibronectin staining. Some areas of the filamentous
network showed both the presence of PTAA (green) and fibronectin (red; Fig. 3A). To verify
the probable co-localization, emission spectra were collected from images of cells exposed to
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a combination of two excitation wavelengths, 405 and 561 nm. When comparing the emission
spectra from these areas, a mixture of the emission signature from PTAA and the Alexa
fluorophore conjugated secondary antibody, directed towards the fibronectin antibody, was
achieved (Fig. 3K). In contrast, PTAA displayed no co-localization with α-tubulin, which
indicates that this protein is not associated to the fibrillar structure stained by PTAA (Fig.
3B). Differential interference contrast images also verified that PTAA restricted to distinct
regions of the plasma membrane (Supplementary Material Fig. S1).
The intracellular cytosolic punctate pattern that was observed in fibroblasts after 24 h of
incubation showed no sign of co-localization with Golgi, mitochondria, p62, ER,
proteasomes, autophagosomes or peroxisomes (Fig. 3C-I). However, partial co-localization
was observed when combining PTAA staining with antibody staining directed to lysosomeassociated membrane protein 2 (LAMP-2; Fig. 3J), suggesting that PTAA to some extent is
associated to lysosomes. Spectral analysis of these entities also revealed a mixture of the
emission signature from PTAA and the Alexa fluorophore used to detect the presence of
LAMP-2 (Fig. 3K). Thus, PTAA was partly co-localized with lysosomes, but might also stain
a yet unidentified subcellular structure.
Similar co-staining experiments as described above were also performed for PTAA
stained malignant melanoma cells (Fig. S2). However, these experiments were not successful
as the PTAA staining in the transformed cells was misrepresented after using the
permeabilization buffer necessary for achieving consistent antibody staining (Fig. S2 and Fig.
2B). The permeabilization buffers tested contained saponin (0.1%), Triton X (0.2%), Tween
(0.05%), NP40 (0.5%), digitonin (500 µg/ml), acetone or methanol. Overall, the PTAA
staining pattern that consisted of small foci distributed close to the nucleus was not evident
after treating the cells with permeabilization buffers, suggesting that in contrast to what was
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observed in fibroblasts, the PTAA staining in melanoma cells was sensitive to detergents. The
punctated pattern in the fibroblasts were maintained after treatment with all above mentioned
permeabilization buffers, thus verifying that PTAA stained normal fibroblasts and melanoma
cells in different manners.

Uptake of PTAA
To further explore the cellular uptake of PTAA, the PTAA intensity was investigated when
cells were stained at 4°C instead of 37°C to see whether the probe enters even at low cell
activity. There was still intracellular PTAA staining at low temperature incubation, even
though the fluorescence intensity was lower (Fig. 4A). Thus, PTAA is most likely entering
cells by a relatively temperature-independent pathway. PTAA was also tested for co-staining
with markers for the major components of the endocytic pathway, but showed no colocalization with early or late endosomes (Fig. 4B). These results indicated that endocytosis is
not the major uptake mechanism for PTAA in human fibroblasts. When staining was
performed after the cells were fixed, the probe stained the entire cells (Fig. S3), as previously
reported (15). Thus, the PTAA staining patterns were strikingly different compared to results
obtained when staining living cells, which indicates that the filamentous staining pattern and
the foci are due to specific cellular processes in living cells.

PTAA staining – influence on cell viability and potential toxicity
As PTAA might be utilized as a potential fluorescent tool for live imaging of cells, the
influence of PTAA on cell viability was investigated. Fibroblasts and melanoma cells were
stained with PTAA for 30 min, washed and incubated in complete medium for 24 hours and
then compared to unstained cells. When studying phase contrast images of the cells, no sign
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of negative influence from PTAA was detected, since the unstained and the stained cells had
similar morphology (Fig. 5A). In addition, the PTAA stained cells maintained their
proliferation rate, since they divided at the same rate as unstained cells for at least 12
generations. The lack of toxicity was also confirmed by a 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) reduction assay, where the conversion of soluble MTT
into formazan is used as a measure of cell viability (32). The reduction assay verified that
formazan production was equal in unstained and stained cells for both cell lines 24 h after
staining (Fig. 5B) and thus PTAA staining does not influence cell viability. Overall, PTAA
was well tolerated by both cell lines and these results certified that PTAA could potentially be
utilized for long-term live imaging of cells.
To explore any potential photo-induced cellular toxicity of PTAA, cells were stained
with PTAA, washed and incubated in complete cell medium in a fluorescent cell analyzer
JuLI™. Subsequently, the cells were exposed to light using a GFP-optimized excitation. As
shown in figure 6A and movie S1, the exposure to light had a major impact on both PTAA
stained fibroblasts and melanoma cells. By excitation once every minute for 6 h, the cells
shrank and showed apoptotic morphology with rounding of cells, (Fig. 6A, first and second
column) whereas the morphology of cells outside the light-exposed area did not change.
Unfortunately, the light source was relatively weak and the emission wavelength of the light
source was not fitting the emission spectra of the probe, therefore only bright field images are
shown. The photo-induced toxicity was also verified with a Live/Dead assay, where live cells
can be seen in green and dead cells in red. In the area that had been exposed to light, cells
were round and several red cells could be observed (Fig. 6A, third column), whereas outside
this area, the proportion of green cells was dramatically increased. Hence, PTAA induced cell
death in both normal and transformed cells upon irradiation.
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As PTAA displayed time dependent staining pattern, we next examined if the photoinduced toxicity was dependent on the cellular location of the dye. Analogous to the
experiments described above, cells were stained with PTAA for 30 min, washed and
incubated in complete cell medium for 24 h, allowing PTAA to accumulate in the cytosolic
compartments observed after 24 h (Fig. 1B, D). In contrast to PTAA stained cells that were
exposed to irradiation immediately after staining, cells that were stained and then incubated
for 24 h prior to light exposure did not change their morphology by light exposure (Fig. 6B,
first and second column). It was not possible to locate the area of excitation after exposure
since all the cells were unaffected and this observation was also verified with the Live/Dead
assay where only green and prosperous looking cells were observed. Hence, photo-induced
toxicity was only observed when exposing newly stained cells, suggesting that the cellular
location of the probe was determining the photo-induced toxicity.
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Discussion
CPEs have emerged as an interesting class of molecular probes for fluorescent imaging of
cells, since these compounds are highly selective, display high optical stability and exhibit
unique interaction induced optical properties (15-23). Here, we have shown that an anionic
thiophene based CPE, denoted PTAA, can be employed for differential staining of normal and
transformed cells, as well as for live imaging of cells. The staining procedure is
straightforward and less complex compared to staining techniques using antibodies. In
addition, the staining is persistent and does not show signs of quenching. Thus, our results
strongly support the notion that CPEs can be utilized as molecular probes for assessment of
various components in cultured cells and that these probes could potentially be employed to
visualize the dynamics of pathological and biological processes on a cellular level, as well as
for differentiating distinct types of cells.
Although, the staining procedure was identical for normal and transformed cells, the
difference in PTAA staining between these cell types was striking. Firstly, the staining pattern
was differently distributed in normal cells when compared to malignant cells. In fibroblasts,
PTAA displayed a filamentous peripheral pattern and an intracellular punctate pattern,
whereas perinuclear dots were observed for melanoma cells. Secondly, the final target in the
melanoma cells was reached already 1 h after staining, whereas it took more than 12 h for
PTAA to accumulate in the intracellular punctate pattern in the fibroblasts. Thirdly, the PTAA
staining in the melanoma cells was almost abolished after incubation in different
permeabilization buffers, whereas the foci in the fibroblasts were maintained after equivalent
treatments. Altogether, these dissimilarities indicate a difference in localization, structure,
accessibility or quantity of the PTAA stained cellular target in normal cells as compared to
malignant cells. Hence, identifying the cellular targets that are stained by PTAA is of great
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importance and herein we assessed a variety of conventional markers for cellular components
in combination with PTAA staining.
In this study, we identified fibronectin as a potential molecular target of PTAA in
fibroblasts. Immediately after staining, PTAA was to some extent associated to fibronectin.
This staining pattern was only observed in fibroblasts, as the PTAA pattern and the
fibronectin pattern did not match in the melanoma cells. A previous study (16) has also shown
a similar co-localization with fibronectin and a carboxylated poly(p-phenyleneethynylene)
based CPE. In contrast, when utilizing a cationic poly(p-phenyleneethynylene) based CPE for
staining of fibroblasts, the interaction with fibronectin was abolished, indicating that the
interaction with fibronectin is only achieved with probes having an anionic polyvalent nature
(16). Thus, PTAA might interact with fibronectin in a similar fashion as other polyanionic
molecules and fibronectin domains display an extended area of positive charges, a location
that is involved in binding of polyanionic heparin (33). Fibronectin, a main part of many
extracellular matrices, is involved in cell adhesion, cell-to-cell communication as well as
differentiation (34,35). The protein is also important for normal cell growth, cell adhesion and
often interacts with integrin receptors. The integrins serve as adhesion receptors during tumor
cell proliferation, migration and survival (36-38). The probable absence of co-localization
between PTAA and fibronectin in the malignant melanoma cells might be due to reduced
levels or localization (Fig. 2B and Fig. S2A) of fibronectin in the oncogenically transformed
cells (39-42). This reduction has also been correlated with tumorigenicity and malignancy.
Thus, as fibronectin participates in an array of essential cancer-related biological and
pathological processes, including cancer cell survival, carcinoma development (43) and
metastasis (44), the PTAA staining of fibronectin could be employed for further studies of
cancer cells and their interactions with tissue components.

18

Magnusson et al., 2014

As shown in the kinetic experiments, PTAA was internalized in both fibroblasts and
malignant melanoma cells. However, the internalization in melanoma cells did not seem to be
associated to fibronectin, as the internalization in fibroblasts seems to be, suggesting that the
mechanism of uptake of PTAA is different between the cell types. Polycationic molecules,
such as cell penetrating peptides HIV-Tat or polyarginine, are taken up through endocytosis
(45), whereas negatively charged molecules are typically not readily transported into living
cells and the delay in uptake in fibroblast has also been observed for other anionic CPEs (16).
The results reported herein also suggest that endocytosis is not the major uptake mechanisms
for PTAA. Firstly, endocytosis requires cell activity and PTAA internalization occurred also
at 4°C in both cell lines. Secondly, no co-localization of PTAA staining with endosomes was
detected in fibroblasts. A recent study also showed that a cationic CPE entered renal cell
carcinoma cells by a temperature-independent non-endocytic pathway (17). As PTAA colocalize with fibronectin, the internalization of PTAA into fibroblast might be mediated
through a fibronectin mediated pathway (16), whereas the rapid uptake of PTAA into
melanonoma cells might occur in a diffusion manner or via an as yet unidentified molecular
transporter (17). However, further studies on a variety of cell lines are required to elucidate
the molecular mechanism underlying the difference in uptake of PTAA in normal and
transformed cells.
After internalization, the staining pattern of PTAA, as well as the location, was also
different between fibroblasts and melanoma cells. In addition, the filamentous staining pattern
and the foci are observed due to specific cellular processes in living cells, since the PTAA
staining pattern was completely altered when staining PFA fixed cells. A previous study,
utilizing CPEs on mildly fixed cells, indicated that lysosome-related organelles were targeted
by both anionic, cationic and zwitterionic polythiophene derivatives in cultured primary cells,
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whereas the targeting of these vesicles could not be demonstrated in transformed cells (15). In
the present study, some of the internalized PTAA in the fibroblast co-localized with the
lysosomal marker LAMP-2. The intracellular cytosolic punctate pattern in the fibroblasts
showed no sign of co-localization with Golgi, mitochondria, p62, ER, proteasomes,
autophagosomes or peroxisomes, although as seen in figure 3 some sort of mutually exclusive
localization relation was observed between the Golgi complex (Fig. 3C), ER (Fig. 3F) and the
PTAA dots, which seemed to be capping the Golgi apparatus. Thus, even though PTAA
might stain a yet unidentified subcellular structure, we conclude that PTAA in fibroblasts is to
some extent associated with lysosome-related organelles. In contrast, the intracellular target
of PTAA in melanoma cells is still elusive since the PTAA staining pattern with small foci
distributed close to the nucleus was sensitive to detergents. It is tempting to speculate that
these foci may represent PTAA bound to less protected subcellular structures trapped within
the Golgi-centrosome complex when comparing the localization of Golgi in figure 3C and the
localization of PTAA in figures 1D and 2B. However, the detergent sensitivity precluded a
formal proof of this conjecture using antibodies against Golgi.
A potential fluorescent tool for live imaging of cells should preferably be well tolerated
by cells and PTAA displayed no negative effect on cell viability in both cell lines.
Microscopic analysis as well as viability assay did not show any signs of cellular toxicity
induced by PTAA, since the cells continued to divide for more than 12 generations without
losing their proliferation rate compared to unstained cells. The lack of cytotoxicity was shown
both for normal fibroblasts as well as melanoma cells, and other studies (27,28) have also
revealed that oligothiophene derivatives are relatively well tolerated by cells, implicating that
thiophene based probes can be utilized as efficient molecular agents for live imaging of cells.
However, even though the probe itself is not toxic to the cells, toxicity might be induced by
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external factors such as exposure to light. Photo-induced toxicity can for instance indicate a
connection to photodynamic therapy (PDT) where a non-toxic light-sensitive compound
localized to a tumor is exposed to light at a specific wavelength and generates cytotoxic
species to kill the tumor cells (46). Herein, we observed that cells exposed to light (488 nm)
immediately after PTAA staining (0h) shrunk and started to die. In contrast, cells exposed in a
similar fashion 24 h after staining did not alter their morphology, indicating that the cellular
location of the probe is essential for the photo-induced toxicity. The photo-induced toxicity of
PTAA could be observed as a consequence of conformational rearrangement of the probe
upon exposure to light. CPEs can undergo optically or electronically induced conformational
rearrangement and electronic release of cells grown on a CPE coated surface was recently
presented (47). Alternatively, PTAA could potentially act as a photosensitizer that induces
cytotoxic species upon exposure to light. It has been demonstrated that lysosome disruption is
not directly cytotoxic (48,49) and that PDT treatment of lysosomes does not necessarily affect
cell viability (49). However, other studies (50-52) have also suggested that hydrolases and
acids leaking out of damaged lysosomes may degrade cellular components and induce cell
death. The prospect of utilizing thiophene probes for PDT towards cancer cells is tantalizing,
but the mechanism underlying the photo-induced toxicity needs to be investigated further. In
addition, a thiophene based probe that selectively stains tumor-associated cells would be
desirable. Lately, chemically defined luminescent conjugated oligothiophenes, LCOs, have
been developed (53-55) and LCOs with diverse imidazole motifs along the thiophene
backbone were identified as an interesting class of agents for staining of cancer cells (55).
Thus, it will be of great interest to study their impact and target more in detail within different
cell types, as well as their potential for being utilized for PDT.
In conclusion, we have shown that the luminescent conjugated polythiophene PTAA
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can be used for vital staining of cultured cells. The staining pattern was different in the two
normal cell types compared to the five transformed cell lines studied here, which suggests a
difference in localization, structure, accessibility or quantity of the PTAA stained cellular
target in normal cells compared to transformed cells. We foresee that PTAA and other similar
thiophene derivatives will be used as additional molecular tools for studying cell-associated
biological and pathological processes, as well as for fluorescent imaging of living cells.
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Figure legends

Figure 1. Fluorescence images of PTAA staining of normal cells compared to transformed
cells. (A) The chemical structure of PTAA (poly thiophene acetic acid), wt = 3 kDa. (B)
Human fibroblasts (MRC-5), (C) melanocytes, (D) melanoma cells (SK-MEL-28), (E) human
cervical cancer cells (HeLa), (F) breast cancer cells (MDA-MB-231), (G) human colon cancer
(HCT-116) and (H) neuroblastoma cells (SH-SY5Y) were stained with PTAA (50 µg/ml; 30
min) and incubated for 24 h in complete medium before fixation and microscopic
examination. PTAA staining (green) and cell nuclei labeled with DAPI (blue) were analyzed
using lasers at 405 nm and 505 nm. Scale bars 20 µm.

Figure 2. Kinetic studies of PTAA staining. Fluorescence images (A) human fibroblasts
(MRC-5) and (B) melanoma cells (SK-MEL-28) stained with PTAA (50 µg/ml; 30 min;
green) and incubated for indicated times in complete medium before microscopic
examination. Cell nuclei were labeled with DAPI (blue) and arrowheads mark filamentous
staining and arrows mark dots. The cells were analyzed with lasers at 405 nm and 505 nm.
Scale bars 20 µm. Flow cytometry analysis of fluorescence intensity in (C) MRC-5 and (D)
SK-MEL-28 stained with PTAA as described above. E) Schematic plot of the arithmetic mean
and SD of the fluorescence intensity calculated from C) and D) (n=4). Significant differences
were determined by one-way ANOVA with the Bonferroni post hoc test and are indicated
with asterisks in the figure. * p ≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001

Figure 3. Fluorescence images of PTAA staining in combination with various cellular
compartments. Human fibroblasts (MRC-5) were stained with PTAA (50 µg/ml; 30 min;
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green) and incubated for 0 h (A, B) or 24 h (C – J) in complete medium. Co-localization was
analyzed by fluorescent staining of major cellular compartments. (A) fibronectin, (B) tubulin, (C) Golgi (Golga2), (D) mitochondria (Mitotracker), (E) p62, (F) ER (Calnexin), (G)
proteasome 20S, (H) autophagosomes (LC3), (I) peroxisomes (PMP70), (J) lysosomes
(LAMP-2), (K) emission spectra of PTAA and Alexa fluorophores visualizing fibronectin and
lysosomes. Green arrowheads and arrows show PTAA-staining, red arrowheads and arrows
show fluorescent probes targeting different cell compartments. Orange arrowhead and yellow
arrow show overlap between PTAA and fibronectin and lysosomes respectively. Colocalization with mitochondria was analyzed with lasers at 488 nm and 550 nm, others with
lasers at 488 nm and 595 nm. Scale bars 20 µm.

Figure 4. Fluorescence images of PTAA uptake. (A) Human fibroblasts (MRC-5) and
melanoma cells (SK-MEL-28) were stained with PTAA (50 µg/ml; 30 min) (green) and
incubated for 30 min at 37C or at 4C. DAPI (blue) labels cell nucleus. (B) Human
fibroblasts (MRC-5) were stained with PTAA (50 µg/ml; 30 min) (green) and incubated for
indicated times in complete medium. Co-localization was analyzed by fluorescent staining
(red) of early endosomes (EEA1) and late endosomes (NPC1). In A lasers at 405 nm and 488
nm were used, in B 488 nm and 595 nm. Scale bars 20 µm.

Figure 5. Cell morphology and viability after PTAA staining. (A) Human fibroblasts (MRC5) and melanoma cells (SK-MEL-28) were stained with PTAA (50 µg/ml; 30 min) washed
and incubated in complete medium. Phase contrast images were taken of unstained and
stained cells 24 h after staining. Scale bars 50 µm. (B) The reducing capacity of cell cultures
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at 24 h as assessed by the MTT assay (n=4). The reducing capacity can be denoted as a
measure of cell viability. Data are presented as mean + SD.

Figure 6. Images of PTAA-mediated photo-induced cellular toxicity. Human fibroblasts
(MRC-5) and melanoma cells (SK-MEL-28) were stained with PTAA (50 µg/ml; 30 min)
washed and incubated in complete medium. Light exposure using a GFP-optimized
fluorescence light source (excitation 488 nm, emission 520 nm) once every minute for 6 h
was performed (A) immediately after staining and (B) 24 h after staining. First column shows
phase contrast images of cells before light exposure. Second column shows phase contrast
images of cells after light exposure. Third column shows fluorescence image of cells after
light exposure and after assessment with the Live/Dead assay (live cells in green and dead
cells in red). The images were recorded using lasers at 495 nm and 585 nm. Scale bars 100
µm.
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